Motile cilia and sperm flagella share an extremely conserved microtubule-based cytoskeleton, called the axoneme, which sustains beating and motility of both organelles. Ultra-structural and/or functional defects of this axoneme are well-known to cause primary ciliary dyskinesia (PCD), a disorder characterized by recurrent respiratory tract infections, chronic otitis media, situs inversus, male infertility and in most severe cases, hydrocephalus. Only recently, mutations in genes encoding axonemal proteins with preferential expression in the testis were identified in isolated male infertility; in those cases, individuals displayed severe asthenozoospermia due to Multiple Morphological Abnormalities of the sperm Flagella (MMAF) but not PCD features. In this study, we performed genetic investigation of two siblings presenting MMAF without any respiratory PCD features, and we report the identification of the c.2018T > G (p.Leu673Pro) transversion in AK7, encoding an adenylate kinase, expressed in ciliated tissues and testis. By performing transcript and protein analyses of biological samples from individual carrying the transversion, we demonstrate that this mutation leads to the loss of AK7 protein in sperm cells but not in respiratory ciliated cells, although both cell types carry the mutated transcript and no tissue-specific isoforms were detected. This work therefore, supports the notion that proteins shared by both cilia and sperm flagella may have specific properties and/or function in each organelle, in line with the differences in their mode of assembly and organization. Overall, this work identifies a novel genetic cause of asthenozoospermia due to MMAF and suggests that in humans, more deleterious mutations of AK7 might induce PCD.
Introduction
Cilia are present on almost every cell type in the human body and have emerged as key organelles in many physiological and developmental processes (1, 2) . In particular motile cilia are present as multiple entities at the surface of several types of epithelial cells, such those in the airways, the oviduct or the brain ventricles, where they cooperatively beat to generate fluid movement. Motile cilia share with the sperm flagella an extremely conserved microtubule-based cytoskeleton, called the axoneme, which sustains beating and motility of both organelles (3, 4) . This axoneme is composed of a central pair (CP) of microtubules surrounded by nine peripheral microtubules doublets ('9 þ 2' pattern) associated with numerous proteins involved in the structure and/or beating coordination (3) . The nexin-dynein complexes connect the peripheral doublets to one another and the radial spokes (RSs) connect the peripheral doublets to the CP (5, 6) . Importantly, the outer-and innerdynein arms (ODA and IDA), which are multi-protein ATPase complexes, constitute motor elements that associate with the peripheral doublets and drive beating and motility of cilia and flagella (3) . In contrast to cilia, sperm flagella contain several peri-axonemal structures delimitating three main compartments in the flagellum: the midpiece, where the axoneme is surrounded by a helical sheath of mitochondria, the principal piece where it is surrounded by the fibrous sheath and the terminal piece devoid of any peri-axonemal structures (7) .
Mutations in axonemal proteins, resulting in the loss of IDA, ODA, RS or CP, were initially associated with primary ciliary dyskinesia (PCD, MIM 244400) in human and in mouse (8) (9) (10) . PCD is a multi-systemic disorder caused by ultra-structural and/or functional defects of motile cilia and flagella (11, 12) . The PCD phenotype is mainly characterized by recurrent respiratory tract infections including chronic rhino-sinusitis, otitis and bronchitis leading to bronchiectasis. In approximately 50% of cases, PCD is associated with a situs inversus (i.e. Kartagener syndrome) due to dysfunction of nodal cilia perturbing left-right asymmetry during embryogenesis (13) . More rarely, functional impairment of ependymal cilia, in the brain, can cause hydrocephalus in PCD patients (14, 15) . Importantly, most male individuals with PCD are infertile due to severe sperm motility defects, a condition called asthenozoospermia (12, 16) .
In recent years, mutations in three genes, DNAH1, CFAP43 and CFAPA44, encoding for axonemal proteins mainly present in the sperm, were identified in individuals presenting male infertility but not PCD respiratory features (17) (18) (19) (20) (21) (22) . Those individuals displayed severe asthenozoospermia due to Multiple Morphological Abnormalities of the sperm Flagella (MMAF syndrome), a phenotype also called 'dysplasia of the fibrous sheath', 'short tails' or 'stump tails', which is characterized by the presence in the ejaculate of a mosaic of spermatozoa with short, irregular, coiled or absent flagella (18) . Similar to PCD, the MMAF phenotype was reported to be associated with ultra-structural defects of the flagellar axoneme including the loss of CP, loss of IDA and peripheral doublets disorganization (18, (23) (24) (25) (26) .
In this study, we investigated two infertile siblings showing severe asthenozoospermia and MMAF without any respiratory PCD features, and we report the identification of the c.2018T > G (p.Leu673Pro) missense mutation in AK7 (MIM: 615364), encoding an adenylate kinase, preferentially expressed in ciliated tissues (27) . Adenylate kinases (AKs) are key proteins in maintaining homeostasis of adenine nucleotide pools, by catalysing the reversible transphosphorylation reaction of two molecules of ADP to one molecule each of ATP and AMP (2 ADP $ ATP þ AMP). AKs are essential for cell viability as they can salvage energy from ADP in cases of extreme energy utilization and relay energy to compartments that are remote from ATP production sites (27) . Assembly and beating of cilia and sperm flagella require a continuous and comprehensive supply of adenosine nucleotides. In agreement, in the mouse, disruption of AK7 gene resulting in the complete absence of the protein, was shown to induce a PCD phenotype with decreased beat frequency of respiratory cilia, ciliary ultrastructural defects, hydrocephalus and abnormal spermatogenesis (28) . In humans, though, reduced amounts of AK7 transcripts and proteins were reported in differentiated nasal epithelial cells and biopsies from PCD individuals (29, 30) , so far, no mutations in AK7 were formally implicated in PCD. Herein, we performed an exhaustive phenotypical characterization of an individual carrying the c.2018T > G (p.Leu673Pro) transversion and studied the altered transcripts and proteins in semen and cilia samples from the patient. We demonstrate that this missense mutation leads to the absence of AK7 protein in sperm cells but not in respiratory cells, which resulted in primary male infertility without any other PCD features.
Results
Whole-exome sequencing identifies AK7 c.2018T > G (p.Leu673Pro) homozygous mutation in MMAF siblings
In this study, we analysed two siblings, individuals II.1 and II.2, of European descents who both consulted for primary male infertility after unsuccessful natural attempts to conceive children. None of the siblings reported systemic disease or exposure to gonadotoxic factors. Semen analysis of individuals II.1 and II.2 revealed normal sperm count and a moderate decrease in sperm vitality; in contrast, a severe asthenozoospermia with nearly the absence of progressive sperm, was observed (1% and 0%, respectively; normal value ! 32%) ( Table 1 ). In addition, very few spermatozoa with normal morphology were present (3 and 5%, respectively; normal value ! 23%), and typical MMAF phenotype, defined as the combination of sperm with absent, short, coiled or bent flagella, was diagnosed (Fig. 1A) . Ultrastructure analysis of the sperm cells from individual II.1 was performed by transmission electron microscopy (TEM) and showed a severe disorganization of the (9 þ 2) axonemal structure; in particular, abnormal midpiece and dysplasia of the fibrous sheath were observed, associated with the lack of CP and disorganization of the peripheral doublets (Fig. 1B) .
Both siblings II.1 and II.2 had normal somatic karyotypes (46, XY) and were negative for Y chromosome microdeletions. A notion of consanguinity in the family was mentioned by individual II.1 but the exact degree of consanguinity between the parents was unknown; individuals II.1 and II.2 had also one healthy sister, assessed by general evaluation, who had not yet attempted to have children. We performed whole-exome sequencing (WES) of individual II.1 and based on the family history of consanguinity, we postulated that infertility was likely to be transmitted through recessive inheritance and to result from homozygous mutations. After exclusion of frequent variants and application of technical and biological filters (see 'Materials and Methods' section), a limited list of seven homozygous variants was established (Supplementary Material, Table S1 ). Six of these homozygous variants were located in genes with very low expression in the testis and in silico analysis indicated that they had no deleterious effect (Supplementary Material, Table S1 ). The last variant was located in AK7 gene (adenylate kinase 7; GenBank: NM_152327) and corresponded to the homozygous transversion c.2018T > G (p.Leu673Pro), which drew our attention. Indeed, AK7 was reported in public expression databases and in the literature as strongly expressed in the testis and ciliary tissues (31) , and related to cilia and flagella structure and/or functions (28) (29) (30) . Sanger sequencing was performed and confirmed that the homozygous transversion c.2018T > G was carried by both affected sibling (II.1 and II.2) ( Fig. 2A) . Analysis of family members indicated that the female sibling (II.3) and both parents (I.1 and I.2) harboured the variant in a heterozygous state (Fig. 2A) .
The AK7 gene is localized on chromosome 14 and contains 18 exons, encoding a predicted 723-amino acid protein (Q96M32) with three principal domains (Fig. 2B) . The first domain is close to the N-terminus and contains a WcaG motif, which is a signature of prokaryotic nucleoside diphosphate sugar epimerases, and whose function in AK7 yet remains undetermined. The second domain is the consensus ADK domain, which is composed of a large central CORE region containing the p-loop domain (phosphate donor binding glycine rich region) flanked with the NMP domain (AMP-binding domain) and the LID domain (ATP-binding domain) (32) . In addition, and in contrast to all other known paralogs (AK1-6; AK8-9), the AK7 protein harbours a DPY30 domain, located at the C-terminus part of the protein, which is a motif involved in protein oligomerization and docking found in many proteins including axonemal proteins (33, 34) . The transversion c.2018T > G is located in exon 17 of AK7 (Genbank NM_152327), and replaces the leucine residue at position 673 by a proline residue (p.Leu673Pro), in an extended helix of a coiled-coil (CC) domain, preceding the DPY30 domain (Fig. 2B) ; this leucine residue, as well as the flanking amino acids L672 and E674, were found to be highly conserved during evolution (Fig. 2C) . In silico analysis was performed and the p.Leu673Pro variant was unequivocally considered as damaging by prediction software (see 'Materials and Methods' section). Lastly, the analysis of 123 136 exomes and 15 496 genomes, aggregated in the gnomAD database (http://gnomad.broadinstitute.org/), indicated that the c.2018T > G (p.Leu673Pro) variant, referenced as rs116298211, was present at a prevalence of 1.49e-3 (413/277106 alleles) in the general population; such low prevalence being consistent with negative selection of the mutation and a recessive transmission. Taking into account (i) the established ciliary expression pattern of AK7, (ii) the above in silico data indicating the pathogenicity of the c.2018T > G (p.Leu673Pro) variant identified in AK7, (iii) the familial segregation and (iv) the absence of other variants in genes significantly expressed in testis and/or related to cilia/flagellum, we focused on AK7, which appeared as the best candidate to explain the primary male infertility observed in the two siblings.
Sperm from Ak7
À/À mouse present ultrastructural defects of the flagella similar to those observed in sperm from MMAF individuals null sperm flagellum that could be observed showed an absence of the CP, which is a feature found in sperm from individual II.1 (Fig. 3) . These data indicate that although the phenotype of Ak7 2/2 mice is more severe, the structural defects of the axoneme observed in Ak7 2/2 null sperm are similar to those we found in sperm from MMAF individuals carrying the homozygous c.2018T > G (p.Leu673Pro) transversion, therefore supporting the pathogenicity of this mutation.
AK7 protein is detected in human spermatozoa and locates to the sperm flagellum
Expression of human and mouse AK7 gene in the testis and ciliated tissues was reported in public expression databases (EMBL-EBI Expression Atlas; Riken Famtom5 Project) and in the literature (28, 31) but no information was available regarding AK7 protein distribution in spermatozoa. We thus, first analysed AK7 protein on human sperm cells from control individuals by means of western blot and immunofluorescence microscopy. AK7 protein was detected, at the predicted molecular weight of 83 kDa, in sperm protein extracts from control individuals (Fig. 4A, left panel) . In addition, AK7 immunostaining was detected along the full length of the sperm flagellum and co-localized with a-Tubulin ( n.a: not applicable. PR: Progressive motility, which corresponds to rapid and slow progressive spermatozoa (formerly grades a and b, respectively). NP: Non-progressive motility, which corresponds to static spermatozoa (i.e. motile but non-progressive spermatozoa; formerly grade c).
agreed to further participate to the research program. Western blot analysis on sperm protein extracts showed significant AK7 signal for the control but no signal for individual II.1, whereas DNAI1, a component of the ODAs, was equally detected in both individuals (Fig. 4B , left panel). To confirm these results, we performed immunodetection assays. Here again, we observed that the AK7 protein was not detected on sperm cells from individual II.1, even when these cells succeeded in assembling a flagellum, which was visualized by a-tubulin staining (Fig. 4C) . In order to rule out the possibility that AK7 protein is nonspecifically eliminated from the sperm due to abnormal biogenesis of the flagellum, we investigated AK7 protein in sperm protein extracts from four MMAF individuals (MMAF P1-4) who do not carry any mutation in AK7 coding sequence. These subjects were described previously in (22) : one carried mutations in the CFAP43 gene and was identified as P 43 -9 (MMAF P1), one had a homozygous DNAH1 mutation and was identified as P DNA -5 (MMAF P2) and two had no identified mutations (MMAF P3 and P4). Data from exome sequencing showed that in these four subjects, all AK7 exons were well covered (coverage > 10 as established using the igv software) but did not evidence any deleterious variant in AK7. We found that the AK7 protein was present in sperm flagella from the four MMAF individuals we tested (Supplementary Material, Fig S1) . Therefore, we conclude that the absence of AK7 protein in sperm cells characterization of respiratory cilia. Clinical interrogation indicated that individual II.1 presented mild rhinosinusitis episodes during childhood, but did not exhibit classical PCD symptoms, which associate bronchitis, bronchiectasis and otitis media with effusion. CT-scan of the ear, nose and throat (ENT) as well as audiogram, were normal; and at the day of the ENT evaluation, the global score for rhinologic and otologic symptoms was null. TEM analysis of the respiratory cilia showed normal structure of the ciliary axoneme; the peripheral doublets of microtubules and the central pair were constantly observed in all section analysed (Fig. 5A ). In addition, nasal nitric oxide (NO) levels of individual II.1 were normal (2406 ppb), based on reference values (35) , and high-speed video microscopy (HSV) indicated normal ciliary beating frequency (CBF) and pattern (Fig. 5B) . Thus, consistently with the persistence of AK7 protein in AEC protein samples, individual II.1 does not present any respiratory features of PCD but isolated male infertility.
Analysis of AK7 transcript isoforms in spermatozoa and AEC of control individuals and individual II.1
In order to determine the impact of the c.2018T > G transversion on AK7 transcripts, we performed RT-PCR experiments on sperm cells and AEC from control individual and individual II.1. We first examined transcript sequences available in databases and found three coding transcripts described in Ensembl (http:// www.ensembl.org/index.html): the main transcript AK7-201 (ENST00000267584.8) of 3300bp and 18 exons, which encodes the predicted protein of 83kDa (723 amino acids), and two short transcripts: transcript AK7-204, only containing exon 1 and 2 (ENST00000555570.1), and transcript AK7-203 containing exons 16, 17 and a modified exon 18 (ENST00000554706.1). These two short transcripts only encode for proteins of 107 and 152 aminoacids, respectively, and could not have produced the full-size protein corresponding to the 83kD band, which we observed on Western blot analyses; we therefore focused on AK7 main transcript, which we further investigated in biological samples from individual II.1. In order to assess if AK7 main transcript (AK7-201; ENST00000267584.8) is present in AEC and sperm cells from individual II.1, we performed RT-PCR using primers F4 and R4, located upstream from the mutation, in exons 15 and 16, respectively (Fig. 6A) . Amplification of AK7 transcript was obtained for both patient and control, in the two tested tissues and no difference of pattern was observed (Fig. 6B) ; in parallel, amplification of the ubiquitous housekeeping gene HPRT, confirmed equal amount and quality of the amplified cDNAs (Fig. 6B) . Next, although we detected the AK7 protein at the expected size in AEC, we tested the possibility that it could have been translated specifically in this tissue from an alternative transcript devoid of exon 17, where the mutation is located. For this purpose, we performed RT-PCR experiments using primers F4 and R3, located in exons 15 and 18, respectively (Fig. 6A) . A unique band of the expected size of 537 bp was observed in both sperm and AEC samples from individual II.1 (Fig. 6C) . Similar results were obtained when using primers F2 and R2 located in exon 16 and the 3'UTR region, respectively (data not shown). We therefore exclude the possibility of an alternative transcript of AK7 devoid of exon 17, with specific expression in AEC. Finally, though unlikely, it is possible that the identified mutation is present in mosaic in the patient; we therefore sequenced the RT-PCR fragment amplified with primers F4 and R3, in AEC and sperm from individual II.1. Sequence analysis showed that all cDNAs amplified from individual II.1 carried the c.2018T > G variant (Fig. 6D) . We therefore demonstrated that in subject II.1 and controls, only one transcript is present in both sperm cells and AECs and that in subject II.1, the mutation is present in the transcript detected in both cell types. This indicates that i.) in both tissues, the c.2018T > G variant does not affect AK7 transcription and ii.) transcript degradation or alternative splicing cannot explain the loss of the AK7 protein in sperm.
In silico modelling of AK7 C-terminus (613-723) region
The c.2018T > G (p.Leu673Pro) transversion replaces the leucine residue at position 673 by a proline residue, in a linker region (aa 613-678) located between the ADK domain and the DPY30 domain, predicted with a coiled-coil structure. Using a range of molecular modelling and bioinformatic tools, we intended to generate a model of the c-terminal region of AK7 (613-723) and to test potential impact of the p.Leu673Pro variation on the structure. No gap-free homology templates for the spacer fragment (aa 613-678) could be identified in the PDB database, but we could establish the preference of this region for a helical conformation on the basis of (i) amino acid composition (84.3 and 98.4% of helix-forming and non-helix-breaking residues, respectively) (36), (ii) primary sequence (i/i þ 3 and i/i þ 4 distribution of lipophilic residues through amphipathic fragments), (iii) (37) , which assigns contiguous helicity to the 613/614-677/678 region, with coiled-coil propensity.
Next, we used the Dpy30C-Bre2 DBM crystal structure available in structure databases, Pdb 4RT4, as a template for homology modelling of AK7 C-terminus (613-723). In this structure, the Bre2 DBM peptide was inserted in a groove and interacted with Dpy30 mainly through hydrophobic interactions (Fig. 7A) . Importantly Zhang et al. reported that the Bre2 DBM peptide simultaneously interacts with two Dpy30 dimers, forming a tetrameric structure (Fig. 7A) (38,39) . We generated the theoretical dimeric structure of AK7, which retained 48% of residues of the 4RT4 template at the homo-dimer interface (within 4Å ), by superimposing the monomer models onto the template structure, and next refining the structure by protonation/tautomerization states reassignment and minimization (Fig. 7B) . The resulting complex featured a largely hydrophobic groove furnished with a tetrad of exposed arginine residues capable of accommodating a helical amphipathic (lipophilic and acidic) ligand(s) (34) (Fig. 7B) . In addition, the C-terminal dimer of AK7 continues to expose most of the lipophilic residues from the helical linker, including Leu672/Leu673 tandem, as well as a pair of conserved tryptophan residues (Trp655 and Trp658). This is notable, because while tryptophan is the most enriched residue at protein-protein interfaces (40) , it is rather uncommon for coiled-coil regions (41) , which suggested further capacity for intra-or inter-dimer protein-protein contact. In consistence with this, we could establish a homology model of AK7 tetrameric structure, in a manner reminiscent of the Dpy30 tetrameric complex (39) (Supplementary Material, Fig. S2A and B) . Interestingly, the helical linker of AK7 (aa 613-678) exhibits high, but non-uniform level of conservation with sequenced orthologues (Supplementary Material, Fig. S3A and B) . The high level of conservation of the C-terminal half of the linker, including residue 673, along with the predicted coiled-coil propensity of this region, supports its participation in oligomerization of the dimeric AK7. Altogether, our data indicate that the C-terminal region of AK7 is associated with oligomerization properties, as described for others proteins harbouring a DPY30 domain (33, 34) , and that the structure of this region contains a hydrophobic groove, which may interact with helical amphipathic (lipophilic and acidic) ligand(s).
The c.2018T > G (p.Leu673Pro) variation does not impact AK7 protein amounts in vitro but impacts AK7 protein structure
The above transcript and protein analyses indicated that the lack of AK7 protein observed in the sperm cells of individual II.1 is likely to result from defects occurring at the protein level and specifically in this cell type. Therefore, we first tested if the c.2018T > G (p.Leu673Pro) transversion impacts protein production and/or degradation. For this purpose, we transfected Hela cells with eukaryotic expression vectors containing the wild-type, FLAG-AK7_WT, or the variant protein, FLAG-AK7_Leu673Pro. Immunoblot analyses of protein lysates after 24 and 48 h of transfection indicated similar amounts of WT_AK7 and mutant AK7_Leu673Pro proteins (Supplementary Material, Fig. S4A ). To confirm these results and test for a potential specific effect in the germline, we performed transient transfection in CHO cells and in the mouse spermatogonial cell line GC1, respectively. Similar results were obtained in CHO cells (data not shown) and GC1 cells (Supplementary Material, Fig. S4A ). These results suggest that in vitro, the presence of the Leu673Pro variant does not alter protein synthesis and does not induce protein degradation.
The p.Leu673Pro variation replaces the hydrophobic leucine residue by a similarly hydrophobic but cyclic proline residue, which, lacking the NH backbone for hydrogen bonding, is recognized as the most effective amino acid in disrupting regular secondary structure elements, such as a-helices and b-sheets and is known to favour turn and loop arrangements (42) . Since the Leucine 673 is located within a predicted helix acting as a linker between the ADK and DPY-30 domains, we expect that the p.Leu673Pro variation will misdirect the extended helix and perturb oligomerization interface. To test these hypotheses, we used the COILS program (http://www.ch.embnet.org/software/ COILS_form.html), and compared the scores of helix propensity obtained for the wild type and the mutated proteins. The results obtained clearly indicated that the p.Leu673Pro mutation affects the coiled-coil propensity of AK7 linker region; the prediction Fig. S4B ). Therefore, we concluded that the p.Leu673Pro variation perturbs the stability of the helix and destabilizes the coiled-coil region upstream of the DPY30 domain, which, in turn, may compromise the assembly and/or anchorage of axonemal protein complexes involving AK7 in the sperm.
The c.2018T > G (p.Leu673Pro) variation impacts AKAP4 protein distribution in sperm from individual II.A In order to provide arguments supporting the above hypothesis, we further characterized sperm from individual II.1 by performing a series of immunostaining with antibodies targeting proteins which locate to various axonemal and peri-axonemal structures of the sperm flagellum. We observed that in sperm from individual II.1 that extended a flagellum visualized by aTubulin staining, the staining for DNAI2, DNAL1I, SPAG6, RSPH1 and DNAH1 was generally similar to what we observed in sperm from control individual (although DNALI1 staining was remarkably weaker in some sperm from individual II.1). These data suggested that the protein complexes, which constitute ODA, IDA, CP and RS heads were not primarily affected by the AK7 mutation (Supplementary Material, Figs S5-S7). However, when analysing AKAP4, one of the main proteins of the fibrous sheath, which is also known to interact with DPY30 motif containing proteins (43), we observed an abnormal and heterogeneous staining of the sperm flagella in comparison with control sperm (Fig. 8) . While some sperm from individual II.1 displayed an AKAP4 staining similar to control cells, remarkably, in nearly half of the sperm cells, the AKAP4 staining was faint, absent and occasionally, discontinuous ( Fig. 8; Supplementary  Material, Fig. S8 ), whereas a-tubulin staining was well detected. Importantly, such heterogeneous staining pattern for AKAP4 protein distribution was not previously observed in sperm from MMAF patients who do not carry any mutation in AK7 (22) . To confirm that this abnormal AKAP4 staining pattern was specific to the sperm from individual II.1, we analysed sperm from MMAF Patient P4, in which we previously detected normal amount of AK7 protein by western blot (Supplementary Material , Fig. S1 ); we observed that in sperm from patient P4, the AKAP4 staining was similar to staining observed in controls sperm cells (Supplementary Material, Fig. S8 ). Therefore, we concluded that, in vivo, the c.2018T > G (p.Leu673Pro) variant identified in AK7 is associated with the lack of AK7 protein together with abnormal distribution of AKAP4 protein in the sperm flagellum.
Discussion
In the present study, we have analysed two siblings presenting with male primary infertility and MMAF phenotype. Genetic investigations of the family led to the identification of the homozygous c.2018T > G (p.Leu673Pro) mutation in AK7 carried by both affected siblings, and transmitted through recessive inheritance.
While in the mouse, the ubiquitous loss of AK7 protein was associated with PCD (28), so far, in humans, no mutation in AK7 were formally implicated in PCD. Interestingly, no PCD features were observed in individual carrying the c.2018T > G (p.Leu673Pro) transversion, even after exhaustive clinical and functional investigations of cilia function. This is consistent with the fact that normal AK7 gene expression and protein production were observed in AECs from this individual. Conversely, we showed that the p.Leu673Pro mutation is associated with a total absence of AK7 protein in mature spermatozoa from individual II.1, which was not observed in MMAF individuals with different genetic aetiology. Importantly, in AECs we did not evidence alternative transcripts that could explain the detection of the protein in these cells; in addition, both AECs and sperm cells from individual II.1 were shown to harbour only the mutated transcript. These findings indicated that some functional properties of the AK7 protein itself were differently impacted in sperm cells and in AECs by the p.Leu673Pro mutation. In vitro and in silico experiments confirmed that the p.Leu673Pro mutation does not hamper protein levels in vitro but is likely to impact the structure of the coil-coiled domain preceding the DPY30 domain, which constitutes an interaction and oligomerization domain, as observed in other proteins. Altogether, these results indicate that the absence of AK7 in the sperm cells from individual II.1 is not due to defective gene expression, defective protein production but is likely to be induced by structural defects impacting interaction of the protein with axonemal partners and/or anchoring within the axoneme in the sperm cells.
The sperm flagellum is assembled during the last step of spermatogenesis called spermiogenesis. This process is associated with a dramatic reduction of the cell size and elimination in residual bodies of the excess of cytoplasm which contains components that are not needed for further sperm function (44) (45) (46) . Improper structure and interaction of the mutated AK7 protein with axonemal partner(s), may therefore lead to the exclusion of the AK7 mutated protein from the axoneme during flagellum assembly and elimination in the residual bodies within the testis. Importantly, we showed that AK7 protein elimination is not a constant feature of MMAF individuals as the AK7 protein was detected in sperm protein extracts from MMAF individuals who do not carry any AK7 mutation. Alternatively, or in addition, although we did not observe abnormal protein levels in vitro, upon transient transfection of eukaryotic vectors expressing the mutated AK7 protein in different cell types, one cannot exclude that in vivo, the mutated AK7 protein may be degraded by a sperm-specific protein quality control/proteasome machinery (47) (48) (49) . Supporting this hypothesis, several testis and/or spermspecific ubiquitination enzymes from the ubiquitin/proteasome machinery have been described in rodents and humans (50) (51) (52) (53) . Overall, our data indicate that the p. Leu673Pro mutation differentially affects AK7 protein in sperm cells and AEC, leading to isolated primary male infertility without respiratory features of PCD. Hence, while in sperm cells, the p.Leu673Pro mutation causes the absence of AK7 protein, in AECs the p.Leu673Pro mutation does not impact AK7 protein amount and moreover the presence of AK7 protein harbouring the p. Leu673Pro mutation does not interfere with ciliary structure and function. The absence of ciliary phenotype suggests that the mutated AK7 protein is still able to fulfil its functions in cilia and/or that the DPY30 domain, which is presumably impacted by the p.Leu673Pro mutation, is only essential for axoneme assembly in the sperm and not in AEC.
The importance of AK activity in sperm is emphasized when considering structural limitations of this cell, such as the compartmentalization of mitochondria, restraining generation of the ATP by oxidative phosphorylation to the midpiece, and the length of the flagellum, which can reach 100 lm in some species. Accordingly, numerous AK isoforms were identified as components of axonemal and peri-axonemal structures in mouse sperm flagella (AK1, AK2, AK7 and AK8) (54,55) and in flagellated protists such as T. brucei (ADK1 and ADKB, ADKE) (56) and Chlamydomonas (57). Phylogenetic analysis indicates that AK7 orthologs are found in mammals, reptiles, birds, fishes, amphibians and in some ciliated protozoan such as Tetrahymena and T. brucei but not in Chlamydomonas (http:// www.ensembl.org; http://www.genecards.org). Interestingly, among all existing adenylate kinases, AK7 is the only member, which contains a DPY30 domain, located at the carboxyterminal extremity of the protein. We can speculate that the DPY30 domain in AK7 protein is essential for specific targeting of AK activity close to axonemal components, such as the dyneins molecular complexes, which are involved in flagella beating and require constant energy supply.
The DPY30 domain presents homology in sequence and structure with the RIIa domain of the cAMP-dependent protein kinase A (PKA), which allows binding to the A-kinase anchoring proteins (AKAPs) (43) . Similar to the RIIa domain (33) , the DPY30 domain is found in over hundreds of proteins (43, 58) , implicated in diverse critical processes such as membrane trafficking (59), histone methylation (60), stem cell differentiation (61) and flagellar beating (62) . Importantly, in Chlamydomonas, while no strict ortholog of AK7 is identified (Ensembl: http://www.ensembl. org), the radial spoke protein RSP2, which harbours a DPY30 domain, is required for correct assembly of the spoke heads and normal axonemal structure; and mutation of RSP2 leads to flagella paralysis in Chlamydomonas (33) . Using a range of bioinformatic tools, we performed molecular modelling of AK7 Cterminal region, which includes the extended helix where the p.Leu673Pro mutation locates, and the DPY30 domain. We provide several arguments indicating that the C-terminal region of AK7 is involved in homo-and/or hetero-oligomerization of AK7, in a manner reminiscent of the dimeric RSP2 protein. Overall, our data indicate that the p.Leu673Pro variation is predicted to destabilize the coiled-coil region upstream of the DPY30 domain, which may compromise assembly, anchorage and/or function of the axonemal complexes involving AK7 in the sperm.
To date, no information is available concerning AK7 partners in the sperm flagellum. When considering the DPY30 domain, AKAP3 (MIM: 604689) and AKAP4 (MIM: 300185), which encode for the most abundant structural proteins of the sperm fibrous sheath (63) constitute potential candidates. In line with this hypothesis, we observed an abnormal distribution of AKAP4 protein in sperm from individual II.1, which was not observed in sperm from MMAF individuals carrying mutations in other genes. In addition, partial deletion of AKAP3 and AKAP4 were previously found in an infertile patient presenting a MMAF-like phenotype (64) , and invalidation of Akap4 in the mouse (65) also presented a similar phenotype. Other potential AK7 partners are suggested by the observations of a tight association of adenylate kinases with axonemal components of the flagellum, such as dynein arms (57, 66, 67) . In Tetrahymena, proteome and interactome analyses identified a molecular complex involving the flagellar associated protein FAP251, AK7 and other DPY30 motif-containing proteins (68) together with DNAH1 (formerly named DHC7; MIM: 60332), an inner dynein arm heavy chain directly linked to the RS complex (18, 69) . Importantly, DNAH1 mutations were identified in MMAF individuals with severe axonemal defects, including loss of the CP, as observed in individual II.1 carrying the p.Leu673Pro mutation in AK7 (18) . Altogether, the above data suggest that AK7 play a role in axonemal multiprotein complexes, involving dynein and components of the RS; thus, similar to mutations in genes encoding components of the RS (70) (71) (72) (73) (74) , mutations in AK7 are expected to induce defects of the CP. In the future, proteomic studies of axonemal components in mammalian cells may provide a comprehensive and comparative map of AK7 interactome in the axoneme of sperm cells versus cilia. covered all the flagellum length. In sperm from individual II.1, AKAP4 staining (red) was heterogeneous as most sperm cells displayed weak or no signal (*), while a-Tubulin staining (green) was detected. In a few sperm a discontinuous staining was also observed (arrow). DNA was counterstained with DAPI in the merge picture. Scale bars represent 5 lm.
In total, our work demonstrates the importance of AK7 in the structure and function of the sperm axoneme. Importantly, we show that although the axoneme is a highly conserved central cytoskeletal structure shared by both the sperm flagellum and motile cilia (3, 75) , the p.Leu673Pro mutation identified in AK7 is only deleterious for the sperm cells and does not impact respiratory ciliated cells; thus preventing the manifestations of PCD symptoms. These observations support the notion that proteins shared by both cilia and sperm flagella, may have specific properties and/or function in each organelle, in line with the differences in their mode of assembly and organization (7, 76) . The missense mutation we identified is unique by inducing a deleterious effect in sperm cells and not in respiratory ciliated cells; we therefore anticipate that only a small subset of AK7 mutations will produce the MMAF phenotype described here, and that truncating mutations may induce PCD, as illustrated by the mouse model. Overall, our work identifies a novel genetic cause of asthenozoospermia due to MMAF and indicates that in humans, more deleterious mutations in AK7 resulting in the global absence of AK7 protein, are likely to induce PCD with CP defects, a subset of PCD for which few genes have been implicated so far (8, 9) .
Materials and Methods

Biological samples
Informed consent was obtained from all the individuals participating in the study according to the local protocols and the principles of the Declaration of Helsinki. The study was conducted with the approval of the Comité de Protection des Personnes CPP Ile de France III (approval Nos. CPP02748 and CPP07729).
DNA was extracted from blood or saliva samples from the two siblings and their first-degree relatives. Semen samples were obtained by masturbation after a period of three to five days of sexual abstinence. Semen samples were incubated at 37 C for 30 min for liquefaction; ejaculate volume and pH, sperm concentration, vitality, morphology and motility were evaluated according to World Health Organization (WHO) guidelines (77) . Sperm vitality was assessed by eosin staining, and sperm morphology was analysed on Schorr stained semen smears according to David's classification (78) . All control individuals from the study displayed normal values of semen parameters compared with the WHO guidelines. Airway epithelial cells were obtained by brushing or biopsy of the middle part of the inferior turbinate and used for immunofluorescence assay and ciliary investigations. Ciliary investigations were performed when individual was free of airway tract infection or respiratory exacerbation for at least 6 weeks.
WES and bioinformatics analysis
Genomic DNA from saliva was isolated using Oragen DNA extraction kit (DNAgenotech V R , Ottawa, Canada). Coding regions and intron/exon boundaries were enriched using the 'all Exon V5 kit' (Agilent Technologies, Wokingham, UK). DNA sequencing was undertaken at the Genoscope, Evry, France, on the HiSeq 2000 from Illumina V R . Sequence reads were aligned to the reference genome (hg19) using MAGIC (79) . MAGIC produces quality-adjusted variant and reference read counts on each strand at every covered position in the genome. Duplicate reads and reads that mapped to multiple locations in the genome were excluded from further analysis. Positions with sequence coverage below 10 on either the forward or reverse strand were marked as low confidence, and positions with coverage below 10 on both strands were excluded. Single nucleotide variations (SNV) and small insertions/deletions (indels) were identified and quality-filtered using in-house scripts. Briefly, for each variant, independent calls were made on each strand, and only positions where both calls agree are retained. The most promising candidate variants were identified using an in-house bioinformatics pipeline, as follows. Variants with a minor allele frequency greater than 5% in the NHLBI ESP6500 [Exome Variant Server, NHLBI GO Exome Sequencing Project (ESP), Seattle, WA] or in 1000 Genomes Project phase 1 datasets (80), or greater than 1% in ExAC (PMID 27535533), were discarded. All variants present in homozygous state in this database were excluded. We used Variant Effect Predictor [VEP version 81(PMID 27268795)] to predict the impact of the selected variants.
Sanger sequencing
The selected mutation in AK7 gene was validated by Sanger sequencing using primers 5'-GGT GAC CAT TTC TAG CAG TG-3' and 5'-CGC CAC ACC CAA ACT CAA AT-3'. Sequencing was carried out on ABI 3130XL (Applied Biosystems) and analyses were performed using SeqScape software (Applied Biosystems).
Transmission electron microscopy
Human sperm cells (10 millions) or mouse testes and epididymes were fixed by incubation in 0.1 M phosphate buffer pH 7 supplemented with 3% glutaraldehyde (Grade I; Sigma-Aldrich Co.) for 2 h at room temperature. The samples were washed twice in PBS and resuspended in 0.2 M sodium cacodylate buffer. The samples were then post-fixed by incubation with 1% osmium tetroxide (Electron Microscopy Sciences, Hatfield, UK), after which they were dehydrated by immersion in a graded series of alcohol solutions and embedded in Epon resin (Polysciences Inc., Warrington, USA). Semi-thin sections were cut and stained with toluidine blue-Azur II. Ultra-thin sections (90 nm) were cut with a Reichert Ultracut S ultramicrotome (Reichert-Jung AG, Wien, Austria) and were then stained with uranyl acetate and lead citrate. Sections were analysed with a JEOL 1011 microscope and digital images were acquired with a Gatan Erlangshen CCD camera and Digital Micrograph software.
Immunofluorescence assays
10 ll of semen sample were spread onto a Superfrost Plus slide (Menzel Glasbearbeitungswerk, GmbH & Co. KG, Braunschweig, Germany). Sperm was fixed by incubation with PBS/4% paraformaldehyde for 10 min. The slides were treated with 0.2% Triton in PBS for permeabilization and then blocked by incubation in 1% BSA for 1 h. They were then incubated with primary antibodies for 2 h at room temperature and then secondary antibodies for 1 h at room temperature. The slides were mounted in Vectashield medium (Vector Laboratories, Burlingame, USA) supplemented with 0.5 mg/ml DAPI. Slides were analysed with a Zeiss Axiophot epifluorescence microscope. Digital images were acquired with a cooled charge-coupled device (CCD) camera (Hamamatsu Co. Japan), under identical instrument settings, with MetaMorph V R software (Molecular Devices, Inc. USA).
Details of antibodies and dilutions used for immunofluorescence assays are provided in Supplementary Material, Table S3 .
Protein extraction and immunoblotting
For immunoblotting experiments, cells were washed with PBS and lysed in cold buffer A [50 mM Tris-HCl, pH 8, 150 mM NaCl, 10 mM MgCl 2 , 0.5% NP40 (Sigma), protease Inhibitor cocktail (Roche)]. Samples were incubated for 30 min at 4 C and then centrifuged for 20 min at 13 000 g and 4 C. Protein quantification was carried out by using the BC Assay reagent (Interchim). After denaturation (5 min at 95 C) in Laemmli sample buffer, equal amounts of protein were subjected to SDS-PAGE [14% acrylamide/bisacrylamide (40% 37.5: 1)] and transferred onto nitrocellulose membranes. The membranes were blocked in 5% milk in PBS-Tween 0.1%, and immunoblot analysis was performed using the indicated primary antibodies. The primary antibodies used were polyclonal rabbit anti-AK7 antibodies (Sigma HPA003543; 1: 50 dilution), monoclonal mouse anti-a-tubulin antibodies (Sigma T9026; 1: 2500 dilution), polyclonal rabbit anti-DNAI1 antibodies (Sigma HPA021649; 1: 250 dilution).
The secondary antibodies used were rabbit polyclonal antimouse Ig coupled to Horse Radish Peroxydase (HRP) (Dako; 1: 1000 dilution), swine polyclonal antirabbit Ig coupled to HRP (Dako; 1: 500 dilution), goat anti-rabbit Alexa-fluor 568 (Invitrogen, Molecular Probes; 1: 500 dilution) and anti-mouse Alexa-fluor 488 (Invitrogen, Molecular Probes; 1: 500 dilution).
RT-PCR experiments
800-1000 ng of total RNA from spermatozoa or AEC were extracted using NucleoSpin RNA kit (Macherey-Nagel, Dü ren, German) and subjected to reverse transcription with HighCapacity cDNA Reverse Transcription Kit [Applied Biosystems, Thermo Fisher Scientific, following the manufacturer's instructions.
PCR reactions were performed with GoTaq V R DNA Polymerase (Promega, Madison, WI, USA) using specific primers to amplify AK7 transcript (ENST00000267584.8) and HPRT. Sequences of primers used and expected product sizes are summarized in Supplementary Material, Table S4 .
Cilia structure and function
The ciliary ultrastructure was analysed by TEM on nasal biopsy immediately immersed in glutaraldehyde as previously described (81) . Results are expressed as the percentage of abnormal cilia among the number of analysed cilia (at least 50 per patient). The ciliary beating was analysed by high speed videomicroscopy (HSV) as previously described (82) . Epithelial cells were immediately immersed in B1 BSA medium (CCD V R , Paris, France) and examined within 3 h, during a maximum of 20 min, at room temperature, with an optic microscope (Axiovert 200, Carl Zeiss V R , Le Pecq, France). Using an oil immersion x100
objective, we recorded a minimum of 10 video captures of 10 different ciliated edges viewed from the side, with a digital highspeed camera (A741, PixeLink V R , Ottawa, Canada), at 358 frames per second with a definition of 256 Â 192 pixels (1800 frames, $5 seconds per video). Isolated ciliated cells were not considered. We performed 10 beating analyses from 10 different ciliated edges, including the percentage of beating cilia, the ciliary beat frequency (CBF) and a qualitative evaluation of the beat pattern.
In silico protein modelling and sequence alignment Sequence alignment was performed using the blastp suite of BLAST (Basic Local Alignment Search Tool) for non-redundant protein sequences and the results were filtered for orthologous sequences down to 85% identity for the full sequence (https:// blast.ncbi.nlm.nih.gov/Blast.cgi).
The sequences were processed and rendered using Multiple Sequence Viewer tool within Maestro.
Cell culture and transfection
Cells [Chinese Hamster Ovary (CHO-K1), Germ Cell 1 (GC1) and Henrietta Lacks (HeLa)] were maintained at 37 C in a 5% CO 2 atmosphere, in DMEM GlutaMAX medium (Invitrogen) supplemented with 10% fetal bovine serum, 100U/ml Penicillin, 100 mg/ml Streptomycin and 0.25 mg/ml Fungizone. The cells were transiently transfected using the Jet Pei (Polyplus) reagent according to the manufacturer's instructions.
Supplementary Material
Supplementary Material is available at HMG online.
